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INTRODUCTION
T cells are integral to the adaptive immune system and provide protection against pathogens and cancer (Davis and Bjorkman, 1988) . They function through extracellular recognition by the T cell receptor (TCR), which is specific for short peptides presented on the human leukocyte antigen (HLA) on cells . Diversity inherent to the TCR, peptide, and HLA molecules makes identifying the specificity of any one TCR an extremely complex problem. While our ability to characterize T cells and sequence their TCRs has improved considerably (Han et al., 2014) , the ability to determine and study the antigen specificities of T cells has remained a major bottleneck. Approaches to determining the specificity of ''orphan'' TCRs (i.e., TCRs of unknown antigen specificity) could help uncover potential targets for cancer immunotherapy, autoimmunity, and infection.
A number of strategies have been used to determine the specificity of ''orphan'' TCRs (Birnbaum et al., 2012) . Mass spectrometry can provide an unbiased method of antigen isolation (Abelin et al., 2017) , but requires large cell numbers, typically 10 7 to 10 9 cells. Most studies of T cell antigen specificities involve testing candidate antigens empirically. For example, studies of anti-tumor T cell specificities have shown productive T cell responses toward neo-antigens. Such studies entail sequencing tumors to identify mutations, using epitope prediction algorithms to predict immunogenic mutant peptides and testing for T cell responses directed at these mutant peptides (Kreiter et al., 2015; Rajasagi et al., 2014; Tran et al., 2014) . Other strategies query established T cell specificities in patients by using pHLA multimers (Bentzen et al., 2016; Newell et al., 2013) .
We sought to extend a previously reported technology using yeast-display of pHLA libraries as an approach to TCR ligand discovery, an approach that requires no a priori knowledge regarding the nature of these antigens (Adams et al., 2011) . This approach is an unbiased, affinity-based selection of a diverse pHLA library by a TCR of interest ( Figure 1A ). This technique has been previously used to study the crossreactivity of TCRs of known peptide specificities (Adams et al., 2016; Birnbaum et al., 2014) . Other variations of a library strategy have been used to study TCR specificities and/or mimotopes (Birnbaum et al., 2012; Hiemstra et al., 1997; Rubio-Godoy et al., 2002; Wang et al., 2005) . Through pHLA library screening, previously unknown stimulatory human antigens and mimotopes derived from the library were identified for two TCRs of known specificity for myelin basic protein (MBP) (Birnbaum et al., 2014) . This result suggested that this approach could, in principle, enable recovery of full peptide sequences of ligands to orphan TCRs.
Here, we have attempted to identify antigens recognized by TCRs derived from tumor-infiltrating lymphocytes (TILs) (Figure 1B) . We applied single-cell T cell phenotyping and TCR sequencing (Han et al., 2014) of CD8 + TILs in two HLA-A*02:01
homozygous patients with colorectal adenocarcinoma to predict candidate antigen targets from yeast-display library selections.
Of the TCRs screened, four TCRs isolated peptide targets in the HLA-A*02:01 library. Two of these TCRs shared antigen specificity. The synthetic peptides isolated from the library, in addition to predicted peptides from the Uniprot human reference genome, stimulated the respective TCRs of interest. Surprisingly, three of the four receptors recognized unmutated self-antigens. This serves as proof-of-principle for linking T cell immune responses and their clonal TCRs with a direct antigen identification method that can serve as a powerful tool to identify novel cancer antigens recognized by the immune response.
RESULTS

Design of the HLA-A*02:01 Yeast-Display Library
The HLA-A*02:01 allele is present in up to 50% of a number of populations (Gonzá lez-Galarza et al., 2015) . The binding motifs for peptides presented by HLA-A*02 have been well characterized (Falk et al., 1991) and a number of restricted clinically relevant TCRs identified (Johnson et al., 2009) . We generated a yeast-display library for screening potential HLA-A*02:01-restricted TCRs ( Figure 1A ). Individual yeast expresses a random peptide covalently linked to the HLA molecule, which enables peptide identification by DNA sequencing ( Figure 1C ) (Adams et al., 2016; Birnbaum et al., 2014 ). This pHLA library features an N-terminal peptide library linked to wild-type b-2-microglobulin (B2M) and HLA-A*02:01 heavy chain with a single point mutation Y84A (see STAR Methods; Hansen et al., 2009) .
To ensure proper display of peptides in the binding groove, the peptide library restricts amino acid usage at P2 and PU to the aliphatic hydrophobic residues preferred by HLA-A*02:01 (Rammensee et al., 1999) (Figures 1D-1F ). At other positions, NNK codons randomly encode all 20 amino acids to provide an unbiased library. Because HLA-A*02:01 typically presents peptides 8 to 11 amino acids in length (Hassan et al., 2013) , we generated multiple peptide length libraries using epitope tags for multiplexed selections ( Figure 1F ). Each library has a theoretical nucleotide diversity dictated by the library composition and length, but the functional diversity of the library is limited ( Figure 1F ). In total, we estimate that approximately 400 million unique peptides ranging from 8 to 11 amino acids are represented in the combined libraries.
Validation of the Library with the MART-1-Specific DMF5 TCR To determine whether the HLA-A*02:01 complex is properly folded to present peptides, we used a ''proxy'' TCR with known specificity. We used the DMF5 TCR (Johnson et al., 2009) , which is a naturally occurring TCR that recognizes a 10 amino acid sequence (EAAGIGILTV) derived from the MART-1 melanoma antigen bound to HLA-A*02:01 (Borbulevych et al., 2011) . To validate the HLA-A*02:01 library, the 10-mer peptide ELAGIGILTV, which has improved HLA stability (Cole et al., 2010) , was displayed with HLA-A*02:01 on yeast and stained by both an antihemagglutinin (HA) antibody and 400 nM tetramerized DMF5 TCR, indicating surface expression of the protein complex and proper folding of the pHLA ( Figure 2A ). To confirm that the library could be used to identify the antigen of the DMF5 TCR, the HLA-A*02:01 10-mer library ( Figure 1F ) was selected by MACS bead-multimerized DMF5 TCR (see Figure 2B ; STAR Methods). A sample of the fourth round of selection was sequenced to identify enriched peptides, most of which were found to be highly related to the MART-1 10-mer peptide. The yeast containing these sequences were stained with TCR tetramer ( Figure 2C ) and anti-HLA-A*02 ( Figure S1A ). unique peptides, which is selected by the TCR of interest. Yeast are enriched in an affinity-based selection using bead-multimerized TCR and grown for iterative rounds of selection. Peptides are successively enriched, and all yeast DNA are deep sequenced. These synthetic peptide sequences are used to generate a model to make predictions for TCR ligands derived from the human proteome and/or patient-specific exome.
(B) The goal of the study is to use the yeast-display selection to de-orphanize a TCR of unknown antigen specificity. The peptides selected by a TCR from the yeast-display selection generates a recognition landscape for a particular TCR, which is then used to make predictions of antigen specificity for orphan TCRs. Predicted targets can be validated in a T cell stimulation assay.
(C) The construct utilizes a single-chain design to display the pHLA-A*02:01 complex tethered to an epitope tag and Aga2p, which binds to the native Aga1 protein on yeast. Each component is covalently connected by a Gly-Ser linker. The epitope tag is introduced to monitor expression of the library.
(D) The MART-1/HLA-A*02 complex structure (PDB: 4L3E) highlighting the two peptide anchors with orange arrows. These peptide positions at P2 and PU of the peptide allow for peptide binding to HLA-A*02. (E) An example 8-mer peptide library shows the anchor preferences for the HLA-A*02:01 library and the remaining positions that are randomized to any of the 20 amino acids (X = 20 amino acids and stop codon). Nucleotide abbreviations for codon usage are listed according to the IUPAC nucleotide code.
(F) A multi-length library designed to capture the most common length peptides presented by HLA-A*02:01. Each peptide length is placed in a construct using a unique epitope tag for selection monitoring. The libraries have theoretical nucleotide diversities dictated by the peptide length and library composition. The functional diversity represents the true capacity of the physical libraries based on yeast colony counting after limiting dilution of the library. See also Figure S8 .
All rounds of the yeast-display selection by the DMF5 TCR were deep-sequenced. The library converged significantly by round 3 of the selection to 68 unique peptides, of which the top 10 peptides dominated 91.7% of the library ( Figure 2D ).
The most striking observation was that almost all peptides selected had a Gly at P6 (P6G) (Table S1) , consistent with the DMF5-MART-1/HLA-A*02:01 crystal structure showing that P6G provides flexibility to allow a cleft for CDR3b 100F, to which (E) Unique peptides from round 3 of selection fall into two major clusters that appear similar to the wild-type MART-1 peptide sequence. Clusters are determined by first calculating reverse hamming distance between all peptides present in round 3 of the selection and then clustered by score. The MART-1 decamer structure (PDB: 4L3E) is aligned to the selected peptides.
(F) A position probability matrix (2014PPM) using cluster 1 peptides predicts the MART-1 peptide as the most probable peptide to bind the DMF5 TCR among 8 other predicted peptides. The score is the product of the probabilities of the amino acids appearing per position determined from the deep-sequencing analysis. See also Figure S1 and Table S1 . P6G hydrogen bonds (Borbulevych et al., 2011) . Deepsequencing revealed two major clusters of peptide sequences ( Figure 2E ). To clarify these clusters, the reverse hamming distance, which is a metric used to identify the number of exact amino acid matches between two peptides, was calculated between all peptides and then clustered by score ( Figure 2E ; Table S1 ). The two major clusters diverged at P4 to P6 with a central ''GIG'' motif in 29 peptides (cluster 1) and a central ''DRG'' motif in 32 peptides (cluster 2). Cluster 1 peptides were used in a position probability matrix (PPM) to score potential human peptide targets, a method used previously to predict human antigens from yeast-display selection data (2014PPM) (Birnbaum et al., 2014) . However, because the 10-mer library did not allow for Ala at P2 of the library, P2A was manually included in the search matrix matching the anchor with the lowest frequency: Leu at 16.67%. From this analysis, 9 peptides from the human proteome were predicted with varying probabilistic scores to bind the DMF5 TCR ( Figure 2F ; Table S1 ). Strikingly, the human MART-1 peptide was the most probable to bind the DMF5 TCR of the 9 peptides predicted ( Figure 2F ). Using cluster 2, orders of magnitude more peptides were predicted to bind the TCR (Figures S1B and S1C ; Table S1 ). However, the DMF5 TCR has not shown any off-target toxicity (Johnson et al., 2009) , indicating that this other ''DRG'' peptide motif may not be physiologically relevant.
Blinded Validation of the HLA-A*02:01 Library with Neoantigen-Specific TCRs We screened three TCRs derived from a melanoma patient, in which all TCRs had blinded specificities to neoantigens. These antigens had been identified independently by exome sequencing of tumor material, predicting neoantigen presentation by HLA-A*02:01 and staining of patient-derived tumor-infiltrating T cells with peptide-loaded HLA-A*02:01 multimers (van Rooij et al., 2013; Strønen et al., 2016) . The three recombinant TCRs, labeled NKI1, NKI2, and NKI3, were used to select the HLA-A*02:01 library containing all four peptide lengths. Only the selection for NKI2 produced 400 nM tetramer-positive yeast beginning at round 2 of the selection, indicating strong binding of the peptide-HLA-A*02:01 library ( Figure 3A ; Table S2 ). The peptides converged by round 3 of the selection and peptides were clustered by reverse hamming distance ( Figure 3B ). The selection results for NKI2 showed similarity in 9-mer, 10-mer, and 11-mer sequences, sharing a conserved Glu in the 9-mer, 10-mer, and 11-mer sequences at P6, P7, and P8, respectively, and the peptides share a positively charged residue at P5 of the 9-mer, 10-mer, and 11-mer.
As part of the blinded validation, a list of 127 neoantigens predicted to be presented by HLA-A*02:01 served as candidate ligands for the NKI2 TCR (Strønen et al., 2016) . The reverse hamming distance was calculated for each of these 127 potential neoantigen peptides compared to the list of 10-mer synthetic peptides selected by NKI2 ( Figure 3C ). ALDPHSGHFV, a peptide neoantigen derived from cyclin-dependent kinase 4 (CDK4), had 5 and 6 of the 10 positions being identical to library peptides Lib-1 and Lib-2, respectively ( Figure 3D ). CDK4 was correctly identified and confirmed as the neoantigen target of NKI2. The targets of NKI1 and NKI3 could not be unambiguously identified through this blinded validation.
We next asked whether the predicted peptides could stimulate NKI2-expressing T cells. Human peripheral blood lymphocytes were transduced with NKI2 and co-cultured with HLA-A*02:01 + JY cells loaded with each of the top 5 peptides selected by NKI2. Interestingly, all 5 peptides elicited interferon-gamma (IFN-g) production by NKI2 transduced T cells in a dose-dependent manner ( Figure 3E ). Furthermore, the most selected peptide mimotope ALDSRSEHFM stimulated these cells as potently as the CDK4 neoantigen ALDPHSGHFV itself.
Single-Cell Characterization of TILs in Colorectal Cancer Patients
Our ultimate goal is to identify peptide ligands for TCRs derived from expanded and cytotoxic T cell populations infiltrating patient tumors using the yeast-display platform ( Figure 1B ). Single-cell technology for analyzing T cells (Han et al., 2014) provides a means to individually phenotype single T cells and to sequence their paired ab TCRs in a high-throughput manner.
We selected patients homozygous for the HLA-A*02 allele (Figure 4A) . This improves the probability that a T cell isolated from a patient has a receptor restricted to the HLA-A*02 allele. The full HLA locus was typed for both patients sans HLA-C (Table S3) . HLA-A*02:01 and HLA-A*02:06 suballeles have been described to share a subset of presentable peptide antigens (Sudo et al., 1995) , although differences can amount to distinct patterns of TCR multimer staining of pHLA (van Buuren et al., 2014) .
Both patients were males in their mid-60s with colorectal adenocarcinoma ( Figure 4A ). Tissue samples of the tumors were analyzed for infiltration of CD8 + and CD4 + T cells and the overall structure observed by H&E staining ( Figure S2A ). For (E) The top 5 peptides of length 10 selected by the NKI 2 TCR were used to stimulate peripheral blood lymphocytes transduced with NKI2 TCR, which is specific for the CDK4 neoantigen ALDPHSGHFV. Transduced lymphocytes were mixed 1:1 with JY cells pulsed with peptide, control peptide, or no peptide, and IFN-g production, as measured by intracellular antibody staining, was assessed using flow cytometry. See also Table S2. patient A, CD4 + and CD8 + T cells were found in the lamina propria of the colon, but less in the tumor. For patient B, CD4 + T cells
were not abundant within the colon tissue; however, there was significant CD8 + T cell infiltration into the tumor.
From these two patients, several hundred CD8 + T cells were phenotyped and sequenced from the site of the tumor with 53-paired sequences from the healthy tissues and 709-paired sequences from the tumor tissues ( Figure 4B ). Any clone seen more than once at the site of the tumor is considered an expanded clone. In both cases, there were expanded TCR clones in the tumor, suggesting antigen-specific expansion. The most expanded TCR clones comprised 12.9% (23/178) of the sequenced population in patient A and 6.67% (35/526) in patient B, respectively. This level of expansion at the tumor is consistent with other reports of T cell repertoire populations in primary liver carcinoma (Shi et al., 2017) and CD4 + T cells infiltrating colorectal carcinoma (Han et al., 2014) . Because not many T cells were identified from healthy tissue, clones were considered exclusive to the tumor and not shared with healthy tissue if either a or b chain is not shared. For both patients, both a and b chain sequences showed only a small overlap of sequences between tumor and healthy tissues ( Figure 4C ). This suggests that most TIL T cell clones are enriched and present in the tumor as a result of tumor-driven responses; however, we cannot conclude that any TIL TCR is exclusively present within tumor due to limited sampling of healthy tissue.
The TCRs sequenced from the patients exhibited typical CDR3a and CDR3b lengths (Rock et al., 1994) (Figure S2B ). Both patients had a predominance of TRAV8-3, TRAV19 ( Figure S2C ), and TRBV7-2 ( Figure S2D ) expression. Unlike T cells from patient A, T cells from patient B were analyzed by index sorting, allowing for pairing of cell-surface marker expression and transcript expression. When separating T cell populations based on cell-surface markers and transcriptional profiles using t-distributed stochastic neighbor embedding (t-SNE) (Van der Maaten and Hinton, 2008), CD8 + and CD4 + T cell populations separated into major clusters ( Figure S2E ). For patient B, there was significant CD8 + T cell infiltration into the tumor and the majority of cells sampled co-expressed PD-1 and IFN-g with a heterogenous expression of other cytotoxic markers granzyme B, perforin, and tumor necrosis factor alpha (TNF-a). It has been suggested that the PD-1 + CD8 + T cell population is the tumor-reactive population (Gros et al., , 2016 .
Screening Orphan TCRs on the HLA-A*02:01 Library Twenty candidate receptors were chosen based on local expansion at the tumor, cytotoxic profile (IFN-g, TNFa, perforin, and granzyme B), and in some cases based on common TCR chain usage (Figures 4B and 4D) . Of the twenty candidate TCRs (Table S4) Table S4. and a central Val residue completely generated by NP addition ( Figure 5B ).
Each TCR was screened on the HLA-A*02:01 library. Each of the four TCRs enriched an HLA-linked epitope tag expressed by the yeast, while the remaining sixteen TCRs did not ( Figure 5C ; data not shown). For TCRs 1A, 2A, and 3B, tetramer stained yeast gradually increased across the rounds of selection. However, TCR 4B did not stain the yeast despite successive enrichment of the 9-mer epitope tag ( Figure 5C ). Lack of enrichment of the remaining sixteen TCRs screened is most likely HLA restriction to alternative HLA alleles; other possibilities are raised in the Discussion.
The yeast selected by TCRs 1A, 2A, 3B, and 4B were deep sequenced. For all four TCRs, sequences converged by round 3 of the selection and the peptides were parsed by length. The unique peptides of the minimum length at which there was sequence convergence were used to generate peptide motifs to identify positional hotspots ( Figure 6A ). The highly similar TCRs 2A and 3B selected for related peptide sequences, 11 of which were common to both ( Figure 6C ). The selection of a common pool of peptides suggests that these TCRs recognize the same antigen. However, significant differences are seen between these two motifs at P6 with an invariant Asn for TCR 2A and Asn, Glu, and Ser predominant for TCR 3B. In general, TCR 2A displays a wider degree of cross-reactivity selecting 190 unique peptides (data not shown) with positions P1, P4, and P5 allowing more amino acid substitutions than in the 66 unique peptides selected by TCR 3B (data not shown). TCRs 1A and 4B have different motifs entirely with 15 and 61 unique peptides selected, respectively at the third round of selection (data not shown).
One method to measure cross-reactivity of a TCR is to observe the selected breadth of tolerated amino acids at a particular position of the peptide. Thus, we determined the proportions of all amino acids at every position, accounting for peptide enrichment at round 3 ( Figure 6B ). TCR 1A and 3B are relatively specific for their peptide motif with more rigidity in amino acid preference per position. In contrast, TCRs 2A and 4B are more cross-reactive in their specificity, allowing degeneracy at positions along the peptide, except for the limited anchor residues. Despite the close similarities in amino acid sequences between 2A and 3B, the TCRs display a high contrast in crossreactivity for their peptide landscapes. In this respect, the pHLA library screening is effective at ''measuring'' the relative cross-reactivity of TCRs, which could be important for selection of TCRs for adoptive cell therapy, in which limited cross-reactivity may be desired to limit autoreactivity (Raman et al., 2016) .
TCR Target Prediction from Human Proteome and Patient Exomes
The peptides identified in the yeast-display selections generate a recognition landscape of sequences for each TCR. As was done for the DMF5 TCR using the 2014PPM, this information can be used in an algorithm to predict stimulatory human antigens. In applying the algorithm to the colorectal cancer data, we generated human predictions for TCR 2A (Table S6 ), but yielded no predictions for TCR 1A and TCR 3B and limited predictions for TCR 4B (Table S7 ). This motivated the development of two additional algorithms to predict human peptides from selection data: a modified variant of the previous statistical method using now a position weight matrix (PWM) having different constraints (2017PWM) and a method utilizing a two-layer convolutional neural network (2017DL) ( Figure S3 ; see STAR Methods). Data from previous selections using the DR15 library were used to test the accuracy of the 2017PWM and 2017DL algorithms in predicting peptide antigens (Birnbaum et al., 2014) . MBP was the best prediction using 2017DL and the second best prediction using 2017PWM for TCR OB1.A12 (data not shown) and the second best prediction in both algorithms for TCR OB1.2F3 (data not shown).
The additional two algorithms were used to score predicted peptides from the human proteome using the UniProt database (Tables S5-S7 ). For TCRs 2A and 3B, many peptides were predicted by multiple algorithms for both TCRs, indicating shared target specificity. Overall, the three algorithms were able to collectively make predictions from the human proteome for all four TCRs (Tables S5-S7) .
Because patient mutations can generate neoantigens recognized by T cells, we performed exome sequencing and variant calling to identify potential candidates. In total, 762 PASS variants were identified in patient A and 4,763 PASS variants identified in patient B with at least 30x sequencing coverage for both healthy and tumor tissue. Exome peptides were scored by the 2017PWM and 2017DL algorithms, but very few were significant across the TCRs (data not shown). One exception was a 21-nt translocation from an intron to exon 7 of the same WDR66 gene, which generated a neoantigen peptide in patient A, albeit with sub-optimal HLA anchors that would result in it being poorly presented, if at all. This resulted in a novel peptide sequence EYGVSYEW, which closely matches the peptide motif for patient A-derived TCR 1A; however, the significance of these findings is unclear. Overall, the predictions for the four TCRs suggest that three of the four are likely to bind unmutated self-antigens.
In Vitro Target Validation of Synthetic and Predicted Human Peptides
Both synthetic peptides selected from the library and the predicted human peptides from the human and/or exome were presented by T2 cells used to stimulate SKW-3 CD8 + T cell lines modified to express the four TCRs identified from the patients. Interestingly, the synthetic library peptides selected by TCR 1A all potently stimulated the T cells via CD69 activation (Figures 7A and S4A) and in a dose-dependent manner ( Figure 7B ). For TCR 1A, the exome peptide (EYGVSYEW), the anchor-modified exome peptide (EMGVSYEM), nor the human peptide predictions stimulated the cell line ( Figure 7A ). Although we have identified a strong antigen recognition motif for TCR 1A, we have not been able to recover a stimulatory endogenous antigen, only mimotopes.
For the three TCRs 2A, 3B, and 4B ( Figure 7C -H), we were able to identify stimulatory endogenous antigens. TCR 4B was stimulated by its selected synthetic peptide libraries and also stimulated by 6/19 of the predicted human peptides, which is in accord with the higher degree of cross-reactivity seen in the yeast selection deep-sequencing analyses ( Figures 7G, 7H , and S4D). Interestingly, we see that TCR 4B is stimulated by antigens from two different putative driver genes WDR87 [1301] [1302] [1303] [1304] [1305] [1306] [1307] [1308] [1309] (peptide LLEDLDWDV), a testis-expressed antigen found to be recurrently mutated in colorectal cancer (Brim and Ashktorab, 2016; Guda et al., 2015) , and CRISPLD1 82-90 (peptide NMEYMTWDV), a protein expressed in many cancers with no known function (Chung et al., 2016; Uhlé n et al., 2015) . The cysteine-rich secretory proteins, antigen 4, and pathogenesisrelated 1 proteins (CAP) superfamily includes CRISPLD1, and (Table S6) . See also Figures S3, S4 , and S5 and Tables S5-S7. these proteins have been implicated in a wide-range of functions including ion channel regulation, reproduction, cancer, cell-cell adhesion, and others (Gibbs et al., 2008 Figures 7C-7F , S4B, and S4C). TCR 2A cells were stimulated by four of the top five peptides selected by TCR 2A and four of the top five peptides selected by TCR 3B. However, TCR 3B cells were only stimulated by four out of the top five peptides selected by its own TCR and none selected by TCR 2A. These results support the finding that TCR 3B is relatively selective compared to TCR2A ( Figure 6B ). Strikingly, of the 26 human peptides tested from the predictions (Table S6) , only a single human peptide was found to stimulate T cells bearing either receptor (Figures 6C and 6E ). This peptide is MMDFFNAQM, which is derived from U2AF2 165-173 , a protein involved in an RNA splicing complex. U2AF2 is normally expressed in many human tissues and overexpressed in many cancers including colorectal cancer as determined by antibody staining deposited in the Protein Atlas (Uhlé n et al., 2015) . In fact, U2AF2 RNA was overexpressed in tumor tissue over healthy tissue by 2.11-and 2.65-fold in patients A and B, respectively (Figure S5A) . When examining human lymphoma, breast, colon, and lung tumor cell lines, U2AF2 RNA is overexpressed significantly relative to patient samples ( Figures S5B and S5C ). U2AF2 has been implicated in promotion of tumor metastasis in melanoma (Zhang et al., 2016) and is rarely mutated in chronic myelogenous leukemia, myelodysplastic syndromes, and solid tumors like lung adenocarcinomas (Garraway and Lander, 2013) . U2AF1, U2AF2's binding partner, is commonly mutated in cancer and mutations have shown enhanced RNA splicing and exon skipping, leading to gene dysregulation in vitro (Graubert et al., 2011) . In both patients, no mutations were found in U2AF2 or U2AF1 (data not shown). For the more cross-reactive TCR 2A compared to TCR 3B, an additional human peptide VLDLFQGQL derived from protein TXNDC11 107-115 was able to stimulate the receptor, which has not been previously described to be involved in cancer, but is expressed in the colon and many other tissue types (Uhlé n et al., 2015) .
We determined by surface plasmon resonance the affinity of TCR 2A for the peptide MMDFFNAQM displayed by HLA-A*02:01 to be 110 mM, identifying a bona fide interaction ( Figures S5D and S5E ). An affinity could not be determined for TCR 3B. These low affinities may explain, in part, the lack of TCR tetramer staining of yeast expressing the single-chain MMDFFNAQM-HLA-A*02:01 ( Figures S4F and S4G ). These discordant results of stimulation versus tetramer binding are seen across all TCRs studied (Figures S4E-S4H) . Additionally, MMDFFNAQM-HLA-A*02:01 tetramers failed to stain SKW-3 cells expressing either TCR2A or TCR 3B (data not shown). Unfortunately, tissue samples were not available to confirm peptide presentation by HLA-A*02 by mass spectrometry. Although we cannot definitively determine an immune response targeting the peptide derived from U2AF2, the evidence from the yeast-display screen, prediction algorithm, and in vitro stimulation identify this peptide as the likely target.
DISCUSSION
The fundamentally surprising insight from our studies is that the specificity encoded in the small kernel of the major histocompatibility complex (MHC)-bound peptide visible to the TCR, is sufficient to enable reconstruction of entire sequences of endogenous peptides specific to TCRs of unknown specificity. This finding has important implications for the identification of antigens in T-cell-mediated diseases. T cells provide an avenue of therapeutic treatment in infectious diseases, autoimmunity, allergy, and cancer. In most of these, we have very little information about T cell specificities, especially in humans, because of limited methods. This situation has improved through the availability of high-throughput methods to obtain TCR sequences from single T cells directly ex vivo (Han et al., 2014) , but one is still faced with the daunting task of determining peptide ligand(s). Here we combine a single cell TCR analysis method (Han et al., 2014 ) with a refined version of the yeast display library screening approach (Birnbaum et al., 2014) to discover novel pHLA specificities in human colorectal adenocarcinoma.
A single wild-type antigen derived from U2AF2 is likely a shared immune response target in 2/2 patients studied. For all TCRs that were successfully screened on the HLA-A*02 library, we were able to identify multiple mimotope peptides that stimulated these TCRs, often more potently than the native peptide. Akin to neoantigens, the synthetic peptide antigens or mimotopes may have utility as DNA, RNA or peptide vaccines to stimulate particular antigen-specific T cells (Ott et al., 2017) and generate a more immunogenic response than the self-antigen that the immune response is likely tolerant toward (Buhrman and Slansky, 2013) .
Although this technique has been successful in four cases, the remaining sixteen TCRs screened failed to select peptide ligands, for a number of possible reasons. In most cases ab TCR pairs isolated from a patient have an unknown HLA restriction, and the screen conducted here focuses solely on the HLA-A*02 allele. In addition to uncertainty in HLA restriction, there is also uncertainty in peptide length. Class I HLA molecules have shown to accommodate unusually large peptide lengths (Hassan et al., 2015) , which can result in missed specificities if the peptide length is not present in the library. Additional considerations include the sensitivity of the selections, in which extremely low affinity TCRs may not isolate antigens from the library despite the highly avid selections. Post-translational modifications such as citrullination or glycosylation to peptide antigens common to autoimmune disorders are important in TCR recognition (Petersen et al., 2009) and are not captured in the yeast-display selections. Spliced peptide antigens can arise post-translation (Liepe et al., 2016) and complicate the ability to correctly identify the target antigen(s) and corresponding human protein(s). The success of predicting the cognate tumor antigen from deep-sequencing selection data depends on improved and refined search algorithms and patient tissue validation. However, screening more TCRs from a given tumor can increase the odds of linking selection data to the cognate antigen, especially when coupled to relevant patient data including RNA expression and/ or mass spectrometry of eluted peptides.
We envision two principal applications for this method in immunotherapy: (1) to identify endogenous and mimotope ligands for orphan TCRs and/or (2) as a means of classifying TCRs based on peptide antigen specificities, which will allow the identification of clinical candidate TCRs that recognize shared antigens across patients. Shared TCRs can either be receptors that share similar TCR sequence (Munson et al., 2016; Shi et al., 2017) , which can potentially lead to shared antigen specificity, or TCRs that do not have any shared sequence but recognize the same antigen. Such TCRs recognizing shared antigens would be especially useful in engineered T cell or vaccine therapies (Buhrman and Slansky, 2013) . As TCR sequencing continues to advance and more TCR sequencing data become available, we can potentially infer TCR restriction for patient HLA and infer a common TCR specificity for convergent TCR sequence clusters (Glanville et al., 2017) . This could enable TCR ligand identification to be more effectively directed at impactful TCRs with known HLA restriction.
Unlike other methods utilizing exome data to identify patientspecific neoantigens that can serve as potential targets of the T cell immune response, this method is an unbiased interrogation of TCR specificities of the present immune response that relies on a physical interaction between the TCR and pHLA. This ligand identification method may be especially important in cancers that have low mutational burden, in which neoantigen targets may not be as prevalent compared to wild-type antigens (Alexandrov et al., 2013) .
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS Human Subjects
Two male subjects of age 64 and 66, both with colorectal adenocarcinoma. 64N had invasive adenocarcinoma with positive lymph nodes and liver metastases. The patient was found to be microsatellite instability negative. 66M had invasive adenocarcinoma with multiple liver metastases and received neoadjuvant chemotherapy. The Stanford University Institutional Review Board approved all protocols for collection of human tissue and blood. Patient samples were obtained with patient consent from the Pathology Department at Stanford Hospital. Both patients were HLA typed sans HLA-C and specifically chosen for their HLA-A*02 allelic expression.
Primary and Cell Lines
All cells are grown at 37 C with 5% CO 2 unless otherwise stated. Human PBMCs were cultured in RPMI complete (ThermoFisher) containing 10% fetal bovine serum (FBS), 2 mM L-glutamine (ThermoFisher) and 50 U/mL penicillin and streptomycin (ThermoFisher).
SKW-3 cells are derived from a human T cell leukemia and cultured in RPMI complete containing 10% FBS, 2 mM L-glutamine, and 50 U/mL penicillin and streptomycin. Transduced cells are cultured with additional 1 ug/mL puromycin (ThermoFisher) and 20 ug/mL zeocin (ThermoFisher).
T2 cells are HLA-A*02 positive cells used as antigen-presenting cells to SKW-3 cells. They were cultured in IMDM (ThermoFisher) with 10% FBS, 2 mM L-glutamine, and 50 U/mL penicillin and streptomycin.
JY cells are EBV-immortalized B cell line cultured in RPMI complete containing 10% FBS, 2 mM glutamine, and 50 U/mL penicillin and streptomycin.
HEK293T cells are grown in DMEM complete (ThermoFisher) containing 10% FBS, 2 mM L-glutamine, and 50 U/mL penicillin and streptomycin.
FLYRD18 are grown in DMEM complete with 10% FBS with 2 mM glutamine with 50 U/mL penicillin and streptomycin. High Five cells are grown in Insect X-press media (Lonza) with final concentration 10 mg/L of gentamicin sulfate (ThermoFisher) at 27 C at atmospheric CO 2 . SF9 cells are grown in SF900-III serum-free media (ThermoFisher) with 10% FBS, 10 mM L-glutamine, and 10 mg/L of gentamicin sulfate at 27 C at atmospheric CO 2.
METHOD DETAILS Preparation and selection of yeast-display libraries
Yeast-display libraries were generated as previously reported (Birnbaum et al., 2014) using electrically competent EBY100 yeast (ATCC). In short, primers encoding chosen codon sets were used to generate DNA-encoded peptide libraries. Anchor positions at P2 and PU of the peptide has limited codon usage to Leu-Met and Leu-Met-Val, respectively, while NNK codon diversity was allowed at all other positions ( Figure 1E ; Table S8 ). Separate length libraries encode different length codon sets and vectors used unique epitope tags for multiplexed selections: 8-mer -V5 tag, 9-mer -myc tag, 10-mer -HA tag, 11-mer -VSV tag. To display the peptide/HLA-A*02:01 complex on the yeast, the heavy chain of the HLA-A*02:01 was modified with Y84A mutation and the heavy chain truncated at S302 (Hansen et al., 2009) . This mutation allows an opening for a linker to thread between the C-terminal end of the peptide, through the end of the peptide binding groove, to B2M to generate a single-chain trimer. The transmembrane-truncated heavy chain is linked to an epitope tag linked to the Aga2p protein (Boder and Wittrup, 2000) for yeast-display. The diversities of the yeast libraries were determined post-electroporation by colony counting after limiting dilutions. Yeast were mixed at 10x diversity of the individual length libraries and frozen at À80 C in 2% glycerol and 0.67% yeast nitrogen base. Libraries were thawed as needed in SDCAA pH 4.5, passaged, induced in SGCAA, and subsequently selected as described previously (Birnbaum et al., 2014) using biotinylated soluble TCR coupled to streptavidin-coated magnetic MACS beads (SAb) (Miltenyi). In short, 10x diversity of yeast containing all four length libraries (4 3 10 9 cells) were negatively selected with 250 mL SAb for 1 hr at 4 C in 10 mL of PBS + 0.5% bovine serum albumin and 1 mM EDTA (PBE). Yeast were passed through an LS column (Miltenyi) attached to a magnetic stand (Miltenyi) and washed three times. The flow through was then incubated for 3 hr at 4 C with 250 mL SAb pre-incubated with 400 nM biotinylated TCR for 15 minutes at 4 C. Once again, yeast were passed through an LS column and the elution was grown in SDCAA pH 4.5 overnight after an SDCAA wash. Once yeast reached an OD > 2, they were induced in SGCAA with 10% SDCAA for 2-3 days before an additional selection. All subsequent selections were done using 50 mL SAb or TCR-coated SAb in 500 mL of PBE. The fourth round was done using a negative selection following a 1 hr incubation of yeast with 400 nM SA-647 in 500 uL PBE followed by a PBE wash and an incubation with 50 mL of anti-Alexa647 Microbeads (Miltenyi) for 20 minutes. The positive selection was done after a 3 hr incubation with 400 nM SA-647 TCR tetramer followed by 20 minutes of anti-Alexa647 Microbeads for 20 minutes. The naive library and all rounds of selection were processed for deep-sequencing as described below. Each round was monitored post-induction with anti-epitope staining and 400 nM TCR tetramer staining completed at 4 C for 3 hr. Individual yeast clones isolated from the selections or competent yeast electroporated with reconstructed peptide-HLA constructs identified from the deep sequencing were stained with 400 nM TCR tetramer labeled with SA-647 or SA-647 alone in combination with anti-epitope tag.
Deep sequencing of pHLA libraries DNA was isolated from 5 3 10 7 yeast per round of selection by miniprep (Zymoprep II kit, Zymo Research). Individual barcodes and random 8-mer sequences were added to the flanking regions of the sequencing product by PCR and amplified for 25 cycles (Table S8 ). These primers amplified from the signal peptide of the construct to mid-sequence of the B2M. This was followed by an additional PCR amplification adding the Illumina chip primer sequences to generate final products containing Illumina P5-Truseq read 1-(N 8 )-Barcode-pHLA-(N 8 )-Truseq read 2-IlluminaP7. The library was purified by agarose gel purification, quantified by nanodrop and/or BioAnalyzer (Agilent Genomics), and deep sequenced by Illumina Miseq sequencer using a 2x150 V2 kit for a low-diversity library.
Expression of soluble TCR
Each chain of the F5 TCR was expressed separately in E. coli BL21 (DE3) and purified, refolded, and functionally validated (Bethune et al., 2017) . For all other TCRs, each chain of the TCR was expressed separately using SF9 cells to produce baculovirus in the pAcGP67a vector (BD Biosciences). Each construct followed a similar format with elements in the exact order: a polyhedrin promoter, a gp67a signal peptide, either the TCR Valpha or Vbeta sequence containing an engineerined disulfide in the constant regions (Boulter et al., 2003) and truncated at the connecting peptide for soluble expression, a 3C cleavage site, and either an acidic GCN4 zipper-6xHis tag or basic GCN4 zipper-6xHis tag (O'Shea et al., 1993) . All chains containing the acid zipper contained the biotinylation acceptor peptide following the zippers. The DNA was co-transfected into SF9 cells with Bestbac 2.0 (Expression systems) with Cellfectin II (Life Technologies). Viruses were generated in 2 mL cultures. Viruses were passaged at dilution of 1:1000 in 25 mL cultures at 1 3 10 6 cells/mL to generate higher titer virus, which was then co-titrated in 2mL of High Five (Hi5) (ThermoFisher Scientific) cells at 2 3 10 6 cells/mL to generate dilutions for 1:1 expression of TCR a and b chains by SDS-PAGE gel and Coomassie staining. Co-titrations ranged from 1:1000 to 1:250 for each chain. Virus was used to infect Hi5 cells for protein expression in 1 to 4 L volumes at 2 3 10 6 Hi5 cells/mL. Cells were removed 2-3 days post-infection and supernatant treated to 100 mM Tris-HCl pH 8.0, 1 mM NiCl 2 , and 5 mM CaCl 2 to precipitate contaminants. Precipitants were removed by centrifugation and supernatant incubated for 3 hr with Ni-NTA resin (QIAGEN) at room temperature. Protein was washed with 20 mM imidazole in 1X HBS pH 7.2 and then eluted in 200 mM imidazole in 1X HBS pH 7.2. Protein was biotinylated overnight with birA ligase, 100 uM biotin, 40 mM Bicine pH 8.3, 10 mM ATP, and 10 mM Magnesium Acetate at 4 C after buffer-exchange to 1X HBS pH 7.2 in a 30 kDa filter (Millipore). Protein used for surface plasmon resonance was treated with 3C protease (10 ug/mg of TCR) O/N. Protein was purified by size-exclusion chromatography using an AKTAPurifier (GE Healthcare) Superdex 200 column (GE Healthcare). Fractions were isolated, run on SDS-PAGE gel to confirm 1:1 stoichiometry and biotinylation by streptavidin shift. Fractions were pooled and TCRs were quantified by nanodrop and frozen at À80 C for storage in 1X HBS buffer pH 7.2.
Processing and profiling patient samples
The Stanford University Institutional Review Board approved all protocols for collection of human tissue and blood. Patient samples from two males aged 64 and 66 were obtained with patient consent from the Pathology Department at Stanford Hospital. A portion of tumor tissue sample was processed by formalin-fixed paraffin embedding for immunohistochemical staining. Tissue was stained using anti-CD4 (clone 1F6, Leica biosystems), anti-CD8 (clone C8/144b, Dako), or hematoxylin/eosin. Fresh tumor and healthy samples were processed as previously done (Han et al., 2014) . In short, tumor tissue was divided and incubated with 10 mM EDTA in PBS for 30 min. Cell suspensions were made and passed through a 10-mM nylon cell strainer (Becton Dickinson) and treated with 0.5 mg/mL Type 4 collagenase for 30 min (Worthington Biochemical) in RPMI with 5% FBS. Tissue was disrupted with a bluntended 16-gauge needle and syringe. Some samples were saved for antibody staining to isolate tumor tissue by staining for EpCam (clone 9C4, Biolegend) and LIVE/DEAD Fixable Dead Cell Stain kit (Invitrogen) and sorted by FACS using ARIA II (Becton Dickinson) to be processed by AllPrep DNA/RNA Mini Kit (QIAGEN) for DNA/RNA extraction. Otherwise, lymphocytes were enriched by Percoll (GE Healthcare) gradient centrifugation and cells frozen in RPMI containing 10% dimethylsulfoxide and 40% FBS or used immediately for antibody staining. Lymphocytes were pre-stimulated non-specifically for 3 hours using 150 ng/mL PMA + 1 mM ionomycin prior to staining for FACS. Cells were washed with PBS + 0.05% sodium azide + 2 mM EDTA + 2% FCS.
Lymphocytes were stained with the following antibodies: anti-CD4 (OKT4, BioLegend), anti-CD8 (SK1, Biolegend), anti-ab TCR (IP26, BioLegend), anti-TIM3 (F38-2E2, BioLegend), anti-CD28 (CD28.2, Biolegend), anti-CD103 (Ber-ACT8, BioLegend), anti-CCR7 (G043H7, BioLegend), anti-LAG3 (3DS223H, Invitrogen), anti-CD38 (HIT2, BioLegend), anti-CD45RO (UCHL1, BioLegend), and anti-PD1 (EH12.2H7, BioLegend). Dead cells were excluded using a LIVE/DEAD Fixable Dead Cell Stain kit (Invitrogen). Cells were sorted by fluorescence-activated cell sorting (FACS) using an ARIA II (Becton Dickinson) directly into One-Step RT-PCR buffer (QIAGEN). Patient B samples were analyzed by index sorting. Reactions were amplified using pooled primer sets as generated previously (Han et al., 2014) , barcoded, and pooled for purification by agarose gel purification and deep-sequenced by Illumina Miseq using the 2x250 V2 kit. Data was processed using a custom software pipeline and individual wells were called for CDR3, TCRa and TCRb variable, joining, and diversity regions using VDJFasta (Glanville et al., 2009) . Data was analyzed using t-SNE based on T cell transcriptional markers and phenotypic markers to separate cell populations.
Sequencing and variant calling of patient exomes
The DNA extracted from tumor and healthy tissue was used to generate libraries for exome sequencing. DNA of 50 ng from tumor and normal tissue were made into Illumina sequencing libraries using Nextera (Illumina). Libraries were pooled and enriched for exonic regions using Roche Nimblegen SeqCap EZ 3.0 (Roche). Paired-end 75 bp reads were generated using a Nextseq500. Tumor-specific variants were determined following GATK Best Practices (Van der Auwera et al., 2013) . Briefly, adapters and low quality bases were trimmed using cutadapt v1.9 (Martin, 2011) . Reads were aligned to hg19 using BWA MEM 0.7.12 (Li and Durbin, 2010) . Duplicates were removed using Picard tools v1.119 followed by indel realignment and base recalibration using GATK v3.5 (McKenna et al., 2010) and reference files downloaded from the GATK Resource Bundle 2.8. Median coverage was determined using bedtools v2.25.0 (Quinlan and Hall, 2010) . Lastly, variants between normal and tumor were determined using mutect2 (Cibulskis et al., 2013 ). Manufacturer's instructions were followed in all kits and default software parameters were used in all pipelines.
All exome variants were used to generate alternate coding sequences using the Grch37 assembly from Ensembl. Each alternate coding sequence was processed and scored based on the length of the library peptide. Peptides were scored using the 2017PWM and 2017DL algorithms.
Developing algorithms and predictions for human peptides
Deep sequencing results were analyzed as done previously (Birnbaum et al., 2014 ) with a modification to incorporate deconvolution of the library for different peptide lengths. Different length peptides were identified based on the number of amino acids flanked by the signal peptide and GS linker. In short, paired-end reads were determined from the deep sequencing results using PandaSeq (Masella et al., 2012) . Paired-end reads are parsed by barcode using Geneious version 6 to identify the round of selection. All nucleotide sequences with less than 10 counts in rounds 3 and 4 of the selection and which differed by only 1 nucleotide sequence from another sequence in the round were coalesced to the dominant sequence. Any data with frameshifts or stop codons were removed from further analysis. Sequences were processed using custom perl scripts and shell commands.
Reverse hamming distances are hamming distances subtracted from the total length of the peptide, representing the number of shared amino acids between two peptides. They were calculated using MATLAB (Mathworks Inc.) by iterating through each peptide against all other peptides from the selected round 3 library sequences. The output score generated is the number of matching amino acid positions between peptides. Based on the reverse hamming distances, peptides were clustered using Cytoscape and cutoffs determined manually based on peptide similarity. For the DMF5 TCR, clustering was done and clusters were used to generate PPMs for predictions using no cutoff for amino acid frequencies. For the NKI TCRs, the reverse hamming distance was sufficient for determining the neoantigen specificity for the NKI2 TCR. The 2014PPM model did not yield any prediction results from the list of 127 neoantigens. Clustering was not done for the four colorectal cancer-derived TCRs prior to algorithm prediction.
For 2014PPM and 2017PWM, matrices were generated from round 3 of all the selections and used to search human protein (Uniprot) or patient-specific exomes to score peptides of fixed lengths using a sliding window. Matrices are made by determining the probability or log likelihoods of all amino acids per position of the peptide. For all predictions made using the 2014PPM except for those made for the DMF5 TCR, a cutoff of 0.1% frequency for an amino acid at a given position was instituted to remove noise. The scores of the peptides are calculated as the product of amino acid frequencies at each position. The 2017PWM is less stringent than the 2014PPM, in that it allows predicted peptides to incorporate amino acids at positions not found in the selected peptides of the library. This prevents discarding peptide sequences that may not have been selected for, but could potentially be a viable peptide solution.
The deep learning method 2017DL was generated to consider peptides as whole entities rather than taking each individual position of the peptide as independent of every other, as the previous algorithms do ( Figure S3A ). Sequencing data including peptide sequences and round counts were pre-processed in R to remove any peptide sequences that had fewer than 3 counts across all rounds. The data was then normalized by multiplying each round count by the average number of counts across the rounds and then dividing by the number of counts in a given round. An adapted fitness score (Aakre et al., 2015) was used to score each peptide in the library derived from a fitness function represented by an exponential curve fit to each peptide through the normalized round counts ( Figure S3B ).
Next a model was generated using the fitness scores for each peptide and the peptides represented as a 20 x L matrix, where L is the length of the peptide sequence ( Figure S3C ). The 20 rows of the matrix relate to the 20 possible amino acids. Amino acids are represented as a one-hot vector, in which a vector contains a single 1 with the remaining being 0s. The matrix representing the peptide was flattened to a feature vector of length 20 x L for use in training the neural network. The one-hot matrix was used as input and the fitness scores used as output. A network architecture described previously (LeCun et al., 2015) utilizing a two-hidden layer network using 10 nodes and 5 nodes respectively was implemented using the data from the library peptides ( Figure S3D ). The training was done in Lua with the Torch package. This model was used to score given peptides from the Uniprot database (downloaded Dec. 18, 2015) and patient-specific exomes using peptides isolated from an L-length sliding window converted to one-hot matrices for neural network input. P values and Bonferroni-corrected p values were calculated for each peptide, representing the probability of randomly selecting, from the whole proteome, a peptide with fitness score as high as or higher than the scored peptide.
Measuring T cell activation in co-culture assays The four TCRs identified from the colorectal cancer patients that selected peptides from the library were cloned into a MSCV-based vector pMIG II in a-P2A-b configuration using the wild-type signal peptides of the TCR variable genes and full length, unmodified constant regions. The P2A skip sequence allows for 1:1 stoichiometric expression of the TCRs. A MSCV-based vector pMIG II was also used to generate human CD3 in the format of d-F2A-g-T2A-ε-P2A-z. A packaging vector pCL10A was used to incorporate env, gag, and pol to allow for human mammalian tropism and viral generation. The vectors introduced puromycin and zeocin selectivity into infected cells. Retrovirus was generated for each TCR and human CD3 in human embryonic kidney 293T cells using 5 mg TCR or human CD3 DNA and 3.3 mg pCL10A DNA. The viruses were generated using X-tremeGENE 9 DNA transfection reagent (Sigma-Aldrich) in serum-free DMEM. In cell culture, 2% FBS DMEM was used to recover the cells and media was changed at 12 hours. Virus was harvested at 36, 40, 44, and 48 hours each in 2.5 mL amounts to be pooled, filtered with 0.45 mM syringe filters (Fischer Scientific), and frozen at À80 C or used immediately to infect TCR -CD8 + SKW-3 cells.
The 2 mL virus of TCR and 2 mL virus of human CD3 was used to co-infect 2 3 10 6 SKW-3 cells with 5 ug/mL polybrene (Millipore)
by spinning for 2 hr at 2500 rpm at 32 C. The virus was removed and replaced with media and cells cultured. The transduced SKW-3 cells were cultured after 2-3 days in 20 ug zeocin and 1 ug puromycin indefinitely to select for TCR and human CD3 co-expression. Cells were then co-stained for TCR (IP26, BioLegend) and human CD3 (UCHT1, BioLegend) and sorted on the SH800 cell sorter (Sony Biotechnology Inc.).
The transduced SKW-3 cells were co-cultured with TAP-deficient T2 cells in a 2:1 ratio with various peptide dilutions. The top 5 synthetic peptides isolated from the yeast-display selections were tested along with predictions determined from the 3 prediction algorithms. Peptides were synthesized to > 70% purity (Genscript) (Elim Biopharm) and resuspended in dimethylsulfoxide to 20 mM and stored at À20 C. CD69 (FN50, BioLegend) was measured at 18 hours to detect early T cell activation by flow cytometry using the Accuri C6 (BD Biosciences). SKW-3 T cells were detected by UCHT1 staining and checked for TCR and CD3 expression. T2 cells were checked for HLA-A*02 expression by antibody (BB7.2, BioLegend). Data was analyzed using FlowJo version 10 (FlowJo, LLC) and samples were gated on SKW-3 cells by forward and side scatter and UCHT1+ cells followed by analysis for CD69 expression. Experiments were done in biological triplicate and technical triplicate. P values were calculated by ordinary one-way ANOVA in Prism and experiments plotted with either standard deviation or standard error of the mean as indicated.
CDK4-specific TCR clone 17 (NKI2) was derived from TILs of a melanoma patient that were screened with HLA multimers loaded with predicted neoantigens, essentially as described (van Rooij et al., 2013) . The variable parts of both TCRs were cloned into a retroviral vector encoding the murine TCR a and b constant domains (Linnemann et al., 2013) . FLYRD18 packaging cells were plated in 10 cm dishes at 1.2 3 10 6 cells/well. After one day, cells were transfected with 10 mg retroviral vector DNA encoding the CDK4 TCRs using 25 mL X-tremeGENE HP DNA (Sigma-Aldrich). After 48 hr, retroviral supernatant was isolated and transferred to retronectincoated 24-well plates and centrifuged for 90 minutes at 430 g. PBMCs were activated and selected with anti-CD3/CD28 beads (ThermoFisher) at a bead-to-cell ratio of 3:1. Forty-eight hours after stimulation, T cells were plated at 0.5 3 10 6 cells/mL on virus-coated plates. Surface expression of the introduced CDK4 TCRs on transduced T cells was measured using APC labeled CDK4 R > L HLA-A*02:01 tetramers in combination with anti-murine Vb TCR-PE labeled antibody (BD Biosciences). Cells were analyzed using a FACSCalibur (Becton Dickinson). JY cells were pulsed with the CDK4 peptide or the predicted peptides at the indicated concentrations for 1 hr at 37 C and then washed two times. Next, 0.2 3 10 6 TCR-transduced T cells were incubated with 0.2 3 10 6 peptide-pulsed JY cells in the presence of 1 mL/mL Golgiplug (BD Biosciences). T cells not exposed to JY cells, exposed to unloaded JY cells, and exposed to JY cells loaded with an irrelevant peptide (MART-1) were used as controls. After a 5-hour incubation at 37 C, 5% CO 2 , cells were washed and stained with PerCP-cy5.5 anti-CD8, FITC anti-CD3, PE anti-murine Vb TCR and APC anti-IFNg labeled antibodies.
Expression of refolded HLA-A*02:01 with exogenous peptide The pet26b vector was used to express HLA-A*02:01 (G25-P300) and b2M (I21-M119) separately in Rosetta BL21 DE3 E. coli cells. Inclusion bodies containing the separate proteins were dissolved in 8 M urea, 40 mM Tris-HCl pH 8.0, 10 mM EDTA, and 10 mM DTT. For in vitro refolding, the HLA-A*02 heavy chain, b2M, and MMDFFNAQM peptide were mixed in a 1:2:10 molar ratio and diluted into a refolding buffer containing 0.4 M L-arginine-HCl, 100 mM Tris-HCl pH 8.0, 4 mM EDTA, 0.5 mM oxidized glutathione, and 4 mM reduced glutathione. After 72 hours at 4 C, the protein was dialyzed in 10 L of 10 mM Tris-HCl and purified via weak ion exchange using a DEAE cellulose column. The protein elution was purified using size exclusion chromatography on a Superdex 200 column and ion-exchange chromatography on a 5/50 Mono Q column (GE Healthcare). Protein was biotinylated overnight with birA ligase, 100 uM biotin, 40 mM Bicine pH 8.3, 10 mM ATP, and 10 mM Magnesium Acetate at 4 C after buffer-exchange to 1X HBS pH 7.2 in a 30 kDa filter (Millipore) before being run on a size exclusion Superdex 200 column.
Surface plasmon resonance to measure TCR 2A and 3B binding affinity to MMDFFNAQM-HLA-A*02:01 The interaction of TCR 2A and 3B with MMDFFNAQM-HLA-A*02 was measured by surface plasmon resonance using a BIAcore T100 (GE Healthcare) biosensor at 25 C. Biotinylated MMDFFNAQM-HLA-A*02:01 was immobilized on a streptavidin-coated BIAcore SA chip at approximately 1000 resonance units (RU). A different flow cell was immobilized with non-relevant peptide-HLA-A*02:01 to serve as blank control. Different concentrations of either 2A or 3B TCR were flowed sequentially over blank and MMDFFNAQM-HLA-A*02:01. Injections of TCR were stopped after 60 s to allow sufficient time for SPR signals to reach plateau. The dissociation constant (K D ) was obtained by fitting equilibrium data with a 1:1 binding model using BIAcore evaluation software.
Quantitative PCR to determine relative RNA expression of U2AF2 RNA extracted previously as mentioned above from the tumor and healthy patient tissue were used to determine the relative quantities of U2AF2 RNA expression. In addition, RNA was extracted from the following cell lines: Lymphoma: K562, Daudi; Breast: MDA-MB-231; Lung: A549, EKVX, HCC78, H358, H441, H1373, H1437, H1650, H1792, H2009, H2126, H3122, LC-2/ad. cDNA was generated using the High-Capacity RNA-to-cDNA kit (Thermofisher) in triplicates. cDNA samples were pooled for quantity and quantitative real-time PCR carried out using TaqMan probes (ThermoFisher), TaqMan Universal Master Mix II, no UNG (ThermoFisher), and QuantStudio 3 Real-Time PCR System (ThermoFisher) in technical quadruplicate. The U2AF2 probe (ThermoFisher, Hs00200737_m1) amplified a 75 bp region spanning exons of U2AF2. The 18S RNA probe (ThermoFisher, Hs99999901_s1) was used as a housekeeping gene, amplifying a 187 bp region. The cycle threshold values of U2AF2 to 18S RNA were calculated for each sample and compared to either Patient A healthy tissue or Patient B healthy tissue cycle threshold values to determine relative expression levels. The standard deviation is plotted.
QUANTIFICATION AND STATISTICAL ANALYSES
T cell stimulation assays using SKW-3 cells Data relates to Figures 7 and S4. Data is analyzed using Flowjo to gate SKW-3 cells and CD3 + group to identify T cells. T cells are then gated on CD69 expression using the negative control (no peptide). The median MFI expression of CD69 in the CD3 + group and the percentage of cells expressing CD69 have been analyzed. One-way ordinary ANOVA was determined for both analyses using Prism in comparison to the negative control (no peptide). The 100 mM peptide stimulation is completed in biological and technical triplicate. Only one of the biological triplicates is shown. The peptide titration experiments were done in biological triplicate. All biological triplicates were analyzed collectively. Legends for p value designations are listed for each figure. Either SEM (n = 3; technical triplicate) or SD (n = 3, biological replicate) are used and is listed in the corresponding figure legends.
2014PPM scoring
Scoring is done as presented in Birnbaum et al. (2014) . A probability matrix is generated from the round 3 selection data using the sequencing read counts as a multiplier for peptide sequence. Each position of the peptide is multiplied by the read counts to get a count of the number of times a given amino acid is present. This is done for each unique peptide in round 3 and the amino acid counts per position is divided by the number of total reads. The frequency matrix is then used to score every Nmer peptide of the human proteome, in which N is the length of the selected peptides from the library. Scoring is done by multiplying the frequencies of the given amino acid across the peptide.
2017PWM and 2017DL peptide scoring
Algorithms were generated in this paper. For the 2017PWM, a matrix is generated as in 2014PPM, except additional matrices are generated for data across all rounds of selection, instead of just round 3. A ratio per position per amino acid is taken for round 3 matrix to all round matrix. A pseudocount frequency of 0.05 is implemented for zero values, and the log10 is taken of the ratio. This score is interpreted as the enrichment ratio of a particular amino acid at a position. This score is used to determine the overall enrichment of a given peptide from the exome or human proteome by multiplying scores for each position. The 2017DL algorithm is implemented as described in the STAR Methods.
To determine the statistical significance of a peptide, the human proteome and exome peptide set is scored. To calculate the p values for the exome peptide set, the percentile score is calculated in context of the human proteome scores. The uncorrected p value is 1-percentile. The Bonferroni-corrected p value is the uncorrected p value multiplied by the number of peptides in the mutant set.
Quantitative PCR analysis Data relates to Figure S5 . Quantitative PCR was carried out in technical quadruplicate samples. The relative expression levels of U2AF2 RNA to 18S RNA (delta cycle threshold) was calculated by subtracting cycle threshold values. The fold-change over healthy (delta delta cycle threshold) was determined by subtracting the relative cycle threshold values (delta cycle threshold) of the reference to the sample. The standard deviation of a delta cycle threshold was calculated using
where s = standard deviation, s 1 = standard deviation of target sample and s 2 = standard deviation of reference sample. The delta delta cycle threshold standard deviation takes the standard deviation of the delta cycle threshold test sample.
DATA AND SOFTWARE AVAILABILITY Exome sequencing
The accession numbers for the exome sequencing of patient healthy and normal tissue are available in the sequence read archive (SRA): SAMN07350021, SAMN07350022, SAMN07350023, SAMN07350024, SAMN07350025, SAMN07350026, SAMN07350027, SAMN07350028, SAMN07350029, SAMN07350030, SAMN07350031, and SAMN07350032.
Deep-sequencing
The accession numbers for the deep-sequencing of the yeast-display libraries are available in the sequence read archive (SRA): SAMN07977164, SAMN07977165, SAMN07977166, SAMN07977167, SAMN07977168, and SAMN07977169.
2017PWM and 2017DL code
The codes for these scripts are available at https://bitbucket.org/slofgren/antigen-id-paper-code/src.
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Supplemental Figures Figure S1 . Validation of the HLA-A*02:01 Library with the DMF5 TCR, Related to Table S1 (A) MA2.1 antibody staining for correctly folded HLA-A*02:01 complex with DMF5 TCR wildtype peptide or peptide mimotopes. Histograms show staining by MA2.1 antibody followed by secondary antibody.
(B) The scores of predicted human peptides using the 2014PPM algorithm on cluster 2 of the round 3 sequences for the DMF5 TCR 10-mer selection.
(C) The scores of the top 10 peptides identified in Figure S1B . TRAV1-1  TRAV1-2  TRAV2  TRAV3  TRAV4  TRAV5  TRAV6  TRAV8-1  TRAV8-2  TRAV8-3  TRAV8-6  TRAV9-2  TRAV10  TRAV12-1  TRAV12-2  TRAV12-3  TRAV13-1  TRAV13-2  TRAV14/DV4  TRAV16  TRAV17  TRAV19  TRAV20  TRAV21  TRAV22  TRAV23/DV6  TRAV25  TRAV26-1  TRAV26-2  TRAV27  TRAV29/DV5  TRAV35  TRAV38-1  TRAV38-2/DV8  TRAV39  TRAV41  0   10   20   30   Count   Tumor  Normal   TRBV2  TRBV3-1  TRBV4-1  TRBV4-3  TRBV5-1  TRBV5-4  TRBV5-8  TRBV6-1  TRBV6-5  TRBV6-6  TRBV7-2  TRBV7-3  TRBV7-6  TRBV7-9  TRBV9  TRBV10-1  TRBV10-2  TRBV10-3  TRBV11-2  TRBV12-3  TRBV12-5  TRBV13  TRBV14  TRBV15  TRBV18  TRBV19  TRBV20-1  TRBV24-1  TRBV25-1  TRBV27  TRBV28  TRBV29-1  TRBV30  0   20   40   60   80   Count   Tumor  Normal   TRAV1-1  TRAV1-2  TRAV2  TRAV3  TRAV4  TRAV5  TRAV6  TRAV8-1  TRAV8-2  TRAV8-3  TRAV8-4  TRAV8-6  TRAV9-1  TRAV9-2  TRAV10  TRAV12-1  TRAV12-2  TRAV12-3  TRAV13-1  TRAV13-2  TRAV14/DV4  TRAV16  TRAV17  TRAV19  TRAV20  TRAV21  TRAV22  TRAV23/DV6  TRAV24  TRAV25  TRAV26-1  TRAV26-2  TRAV27  TRAV29/DV5  TRAV30  TRAV34  TRAV35  TRAV36/DV7  TRAV38-1  TRAV38-2/DV8  TRAV39  TRAV41  0   50   100   150   Count   Tumor  Normal   TRBV2  TRBV3-1  TRBV4-1  TRBV4-2  TRBV4-3  TRBV5-1  TRBV5-4  TRBV5-5  TRBV5-6  TRBV5-8  TRBV6-1  TRBV6-2  TRBV6-5  TRBV6-6  TRBV7-2  TRBV7-3  TRBV7-4  TRBV7-6  TRBV7-7  TRBV7-8  TRBV7-9  TRBV9  TRBV10-1  TRBV10-2  TRBV10-3  TRBV11-1  TRBV11-2  TRBV11-3  TRBV12-3  TRBV12-4  TRBV12-5  TRBV13  TRBV14  TRBV15  TRBV18  TRBV19  TRBV20-1  TRBV23-1  TRBV24-1  TRBV25-1  TRBV27  TRBV28  TRBV29- Figure S3B . The output is the fitness score.
